The effect of ouabain (g-strophanthin), a cardiac glycoside, on the growth of several enveloped viruses was examined. It was found that the growth of HVJ (Sendai virus) in chick embryo cells was markedly inhibited by the drug at a concentration as low as 5 X 10-1 M. A virus-inhibitory concentration of ouabain did not cause morphological changes in uninfected cells, nor did it have the capacity to inactivate virus infectivity. Ouabain interfered with the intracellular synthesis of viral macromolecules. Although viral ribonucleic acid and viral antigens were synthesized by the ouabain-treated cells, the rate of synthesis was slower, and the total amounts of these macromolecules were smaller than those in the untreated control cells. It is suggested that ouabain inhibits the function of membrane-bound Na, K-adenosine triphosphatase of the chick embryo cells and thus prevents accumulation of K ion in them. Accumulation of intracellular K ion to a certain level would be needed for events of exponential growth of virus to proceed, and ouabain might inhibit this step by preventing such accumulation of K ion. This view was supported by the finding that the concentration of K ion in the HVJ-infected cells was rapidly reduced by the treatment with ouabain, and that, when the ouabain-treated culture was shifted to a medium containing a higher concentration of K ion than normal medium, virus production started in parallel with the increase of intracellular K ion. The fact that the concentration of K ion in BHK-21 cells, which support virus growth in the presence of ouabain, is not reduced by the treatment with the drug also suggested this possibility.
Although the early observation by Levine et al. (9) suggested that a deficiency of K ion in tissue culture medium causes inhibition of intracellular synthesis of influenza virus, the mechanism of this phenomenon has remained obscure. It has been shown that an adenosine triphosphatase (Na, K-ATPase), bound with the plasma membrane of a variety of animal cells (1) , plays an important role in the active transport of K and Na ions across the membrane (5, 14) . When the function of this enzyme is inhibited or reduced, the high intracellular K level and low intracellular Na level, the physiologically normal state of the cell, cannot be maintained. Under such conditions, the intracellular concentrations of K and Na ions might depend mainly upon those in the culture medium. Thus, inhibition by means of some such activity of the enzyme may provide useful tool for the study of the effect on virus growth of the intracellular concentrations of these monovalent cations. We examined, therefore, the effect of INHIBITION OF VIRUS GROWTH BY OUABAIN 0.2 ml of an appropriate dilution of virus in phosphatebuffered saline (PBS), and, after incubation for 1 hr at 37 C, a 3-ml volume of overlay medium was added to each culture. The overlay medium consisted of Eagle's minimal essential medium (MEM) supplemented with 0.003% neutral red, 0.002% pancreatin (Nutritional Biochemicals Corp.), and 2% skim milk (Difco). Four to five dishes were used per dilution, and, after incubation for 7 days at 35 C in an atmosphere of 5% CO2, plaques were counted. The Miyadera strain of Newcastle disease virus (NDV) and the Rostock strain of fowl plague virus were also used. Each of these viruses was propagated in the chick embryos, and the infected allantoic fluids were pooled and used as virus stock. The AR-339 strain of Sindbis virus was grown in CEF, and the culture fluid was used as virus stock. Infectivity titers of these viruses were determined by the plaque method on monolayers of CEF according to the method described previously (11, 12 ,g/lml, was added to the culture 3 hr before infection and was present throughout the incubation. The amount of radioactivity incorporated into acid-insoluble materials was determined every 2 hr as described in Materials and Methods. As shown in Fig. 4 , viral RNA in the untreated cells was first detected between the 3rd and 5th hr of infection and increased linearly until the 9th hr. In the ouabain-treated cells, the RNA became detectable similarly at 3 to 5 hr. However, the RNA increased thereafter at a slower rate, reached a maximum at 7 hr, and then declined. The maximal amount of RNA in the ouabain-treated cell was almost the same as that accumulated in the control cell by the 5th hr of infection.
The rate of synthesis of virus-specific RNA at various times after infection was then examined. Monolayer cultures of CEF were infected with HVJ and incubated with or without ouabain; at various times, each culture was exposed to 10 ACi of uridine-5-3H per ml for 1 hr. After the pulse-labeling, cells were harvested and the trichloroacetic acid-insoluble radioactivity was determined. Actinomycin D, 2 ,g/ml, was added 2 hr prior to each pulse. Although the virus-specific RNA was continuously synthesized even in the presence of ouabain at least until the 9th hr of infection, the rate of synthesis was always slower than in control cells (Table 1) .
Synthesis of viral antigens in ouabain-treated cells. Figure 5 shows micrographs of the cell stained at the 8th hr of infection. The amount and intensity of the fluorescence of the ouabain-treated cells at that time was almost the same as those of the untreated cells at about the 6th hr of infection. In the presence of ouabain, the cell-associated virus infectivity, hemagglutinin, and neuraminidase activities did not increase throughout the infection (Table 2) .
Intracellular concentrations of Na and K ions and virus growth. The preceding experiments indicated that the amounts of viral macromolecules produced and accumulated in the ouabain-treated cells were smaller than those in the untreated cells. It seems reasonable to assume that, when the Na, K-ATPase of the cell is inhibited by ouabain, the intracellular concentrations of K and Na ions would deviate from their physiologically normal level. It has been reported that various enzymes, including enzymes related to protein synthesis, require K ion for their activation (20) . We assumed therefore that the limited synthesis of virus-specific macromolecules in the ouabain-treated cell was probably due to a reduction of K ion content of the cell. Experiments were undertaken to examine the relationship between the concentration of K ion in the ouabain-treated cells and virus growth in them. Monolayers of CEF were infected with HVJ and treated with various concentrations of ouabain, which was added at 1 hr after infection. At various times during further incubation, cells were harvested and their ionic contents were determined by atomic absorption spectrophotometry as described in Materials and Methods. As can be seen in Table  3 , when the cells were treated with 5 x 10-5 M ouabain, the intracellular concentration of K ion was reduced to approximately the same level as that of Na in the control cell. Conversely, the concentration of Na increased and reached the same level as that of K in the control cell (Table 3) .
During further investigation, we found that the growth of HVJ in BHK-21 cells was not so significantly inhibited as in CEF by the treatment with ouabain ( Table 4 ). The monovalent cation contents of the ouabain-treated BHK-21 cells were therefore examined. If a decrease of K ion and an increase of Na, similar to those found in CEF, were also found in the ouabaintreated BHK-21 cells, the above interpretation might not be correct. Monolayer cultures of BHK cells were infected with HVJ and incubated in YLE medium with or without ouabain. At various times after infection, cells were harvested and their cation contents were determined ( Table 5 ). As shown in Table 5 , the Na and K levels in the BHK cells remained fairly constant at least during the initial 4-hr period after the treatment with ouabain. This finding seemed to be in good agreement with the idea that the intracellular monovalent cation plays an important role in the replication of virus in the cell, and that the inhibition of virus growth by ouabain might well be related to the reduction of K ion content of the drug-treated cells.
Effect of monovalent cations in the culture medium on the inhibitory action of ouabain. It has external Na ion acts as an antagonist to the external K ion (18) . Accordingly, we examined the relationship between the relative concentration of these cations in the medium and the virusinhibitory action of ouabain. Cells were infected with HVJ and incubated in media modified to contain various concentrations of Na and K ions, and the effect of ouabain on the growth of HVJ was examined. First, infected monolayers were incubated in media in which the concentration of K was varied while the concentration of Na was kept constant at 143 mm. Virus titer in culture fluid harvested at 13 hr after infection.
b Chick embryo fibroblasts.
As shown in Fig. 6A , ouabain was not inhibitory even at a concentration of 10t M when the concentration of K was raised up to 15 to 30 mm. On the other hand, when the concentration of K was reduced to about one-tenth (0.5 mm) or less of that in the regular medium, ouabain was effective at a concentration as low as 10-6 M (Fig. 6B) . In contrast, under a decreased concentration of Na (87 to 57 mM), the cells supported virus growth even in the presence of ouabain (Fig. 6C) . From these findings, it was expected that the inhibition of virus growth by ouabain might be reversed by exposing the cells to a medium in which the concentration of K ion was increased and that of Na was decreased. Indeed, a medium modified to contain 27 mm K and 87 mm Na was found to be effective for such a reversal. Monolayers of CEF were infected with HVJ and incubated with regular YLE medium (K, 5.4 mM; Na, 143 mM) containing 5 x 105 M ouabain. At various times during incubation, the culture medium was replaced with the "reversal medium" (K, 27 mM; Na, 87 mM) which did not contain ouabain. At intervals during further incubation, total infective virus per culture was assayed. As can be seen in Fig. 7 , after the culture was shifted to the reversal medium, increase in virus titer started with a short time lag of less than 1 hr. Thereafter, the virus titer increased exponentially as in the untreated control culture. From these findings, it may be concluded that the inhibition of virus growth can rapidly be reversed when the culture is exposed to the reversal medium. This result was compatible with the previous finding that the inhibition of synthesis of viral macromolecules by ouabain was not complete but partial.
The cation content of CEF after exposure to the reversal medium was then examined. Monolayers of CEF were infected with HVJ and incubated with ouabain. At 7 hr after infection, these cultures were shifted to the reversal medium, and at various times after the shift cells were harvested and their cation contents were determined ( (23) with bacteriophages. These authors reported that, when a certain mutant of Escherichia coli or Bacillus subtilis was infected with phage T4 or phage 2C, the phage growth was markedly dependent upon the K ion concentration in the culture medium. These mutant cells were defective in their ability to concentrate K ion from the culture medium, and therefore the K ion content of these cells was highly dependent upon the concentration of K ion in the medium (22) . Thus, this result indicated that K ion was an essential factor for the growth of these bacteriophages.
Several questions still remain unanswered. The reasons why the growth of NDV, a paramyxovirus related to HVJ, was not so significantly affected by ouabain are yet unknown.
The possibility still exists that the inhibition by ouabain occurs at the maturation step of virus, because this possibility is not completely excluded by the experiments described here. Further study will be required to examine whether a block in virus maturation at the cell surface causes suppression of intracellular synthesis of virus-specific macromolecules by some feedback mechanisms.
